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Abstract. We present analysis results for Global Position-
ing System (GPS) measurements made at sites in Costa
Rica during two campaigns in February and July 1991.
GPS solutions for S sites (Limon, Liberia, Bratsi, ETCG,
and Vueltas) reveal significant horizontal and vertical dis-
placements relative to their February positions. Horizontal
displacements relative to Liberia, measured 244.7 % 0.8,
89.2 £ 0.9, 124 + 1.3, and 1.9 + 0.9 c¢cm at Limon, Bratsi,
Vueltas, and ETCG respectively. Vertical displacements
relative to Liberia measured 16.3 £ 2.1, 15.3 + 3.0, -10.5 +
4.4, and -0.6 £ 2.1 cm at Limon, Bratsi, Vueltas, and
ETCG respectively. We find differences in the GPS
derived vertical and horizontal displacements compared to
other types of geodetic measurements of uplift in the coa-
stal region and their associated models. To address these
differences we compute a dislocation model which fits the
GPS measured displacements. A simple uniform planar
slip model can not reconcile the differences between the
coastal uplift data or the seismic moment, suggesting con-
siderable complexity of the earthquake source.

Introduction

The April 22, 1991, Valle de la Estrella, Costa Rica
earthquake was a large earthquake (m,=6.3, Mq=7.6,
Mw=7.7 from the NEIC) which caused large amounts of

uplift from Limon to the Panama border along the Carib-
bean coast [Plafker and Ward, 1992].

In January - February of 1991, Global Positioning Sys-
tem (GPS) measurements were taken at several sites in

Costa Rica as part of the CASA and CORBAS campaigns
{Freymueller and Kellogg, 1991; L. Aguilar, unpublished



data]. The existence of these measurements within several
months of the earthquake, prompted us to conduct a GPS
remeasurement campaign of several of these sites from
July 1-11, 1991. In this paper we present displacement
results for those February 1991 sites which were remeas-
ured in July 1991, and compare these results to models of
the earthquake source. We find significant differences
between our GPS measured displacements and models
derived for vertical uplift data [Plafker and Ward, 1992] or
seismologically constrained models of the source [Goes et
al., 1992]. We derive our own slip dislocation model
which fits our GPS measurements and investigate
differences between these data sets and their associated
models in light of unmodeled slip heterogeneity on the
fault and post-seismic displacements.

22 April 1991 Earthquake and Tectonics

The 22 April 1991 earthquake (Figure 1) occurred
along the westernmost extent of the North Panama
Deformed Belt (NPDB), a diffuse zone of crustal folding
and thrust faulting to the north of Panama, extending from
Colombia to Costa Rica [Adamek et al., 1988; Silver et al.,
1990]. The NPDB is defined by seismicity, thrust focal
mechanisms, offshore geophysical data, and the continua-
tion of thrust faulting on land in Costa Rica [Case and
Holcombe, 1980; Adamek et al., 1988; Silver et al., 1990].

The exact termination of the NPDB, however, remains
uncertain, though it has been suggested that it becomes a
diffuse zone of left-lateral strike-slip faults which connect
the NPDB just NW of Limon to the Middle America
trench to the southwest [Jacob and Pacheco, 1991]. The
Valle de la Estrella earthquake supports this model with
the abrupt termination of coastal uplift immediately to the
NW of Limon [Plafker and Ward; 1992] and the
occurrence of left-lateral strike-slip earthquake focal
mechanisms to the west of Limon [Dziewonski et al.,
1992; Goes et al., 1992]. This change in geometry is sup-
ported by the SW-NE alignment of aftershocks at the NW
end of the rupture zone [Schwartz and Protti, 1991].

GPS Analysis Approach and Results



The GPS data were analyzed to obtain site coordinates
using the GIPSY (GPS Inferred Positioning SYstem)
software developed at the Jet Propulsion Laboratory
(Blewitt, 1989; Lichten, 1990]. The July 1991 (CORI)
campaign reoccupied 5 of the Costa Rica sites measured in
February 1991 (CASA, CORBAS; hereafter referred to as
CASA). Trimble 4000 SST and Trimble 4000 SDT
receivers were used at all the Costa Rican sites, in addition
to data from a global network of Rogue receivers, for both
the CASA and CORI campaigns.

In our analysis estimated parameters included satellite
positions and velocities, station positions, satellite and sta-
tion clocks, zenith tropospheric path delays, and carrier
phase ambiguities. GPS data analysis for both the CASA
and CORI solutions used in this study followed the GIG’91
analysis [Blewitt et al., 1992], and was independent of
CASA GPS solutions presented elsewhere [Freymueller
and Kellogg, 1991; Dixon et al., 1992].

The GPS derived baseline components for all stations
relative to Liberia are given in Table 1, along with their 1
o standard deviations. Site displacements are chosen with
respect to Liberia since it is the site located farthest from
the source region of the earthquake.

We assume that there is insignificant strain accumula-
tion between Liberia and the other sites during the 5
months separating measurements. There is reason to
believe that a velocity deficit of “2 cm/yr occurs at Liberia
based on GPS measurements between Cocos Island and
Liberia (T. Dixon, pers. communication). This would sug-
gest that over the 5 months between GPS observations
there may have been close to 1 cm of NE motion of
Liberia with respect to sites less affected by strain accumu-
lation at the Middle America trench, such as Limon and
Bratsi, that is not accounted for in our ‘co-seismic’ dis-
placements. Less relative strain accumulation contamina-
tion would be expected at ETCG and Vueltas. For the
purposes of this study a systematic bias introduced by
assuming fixed Liberia of order 1 c¢cm in the horizontal dis-
placements is not considered significant. Additional
sources of contamination such as large earthquakes near
Liberia did not occur between GPS occupations.

Since the formal error estimates usually underestimate
the variances computed as the baseline repeatability [i.e.



Larsen and Reilinger; 1992] we use a more realistic
approach to estimate the displacement errors. We scale the
covariance values by a factor of 2, determined by the mean
ratio of repeatability in baseline length and the formal error
between the first and second halves of each experiment for
all common baselines [Blewitt et al.,, 1992]). Site displace-
ments relative to Liberia are given in Table 2, along with
their 1 o standard deviations in magnitude and direction.

Discussion and Conclusions

The displacements we determined for three sites,
BRAT, LIMO, and VUEL, with respect to LBER from
GPS measurements within 3 months of the 22 April 1991
Valle de la Estrella, Costa Rica earthquake differ
significantly from vertical coastal displacements and slip
dislocation models for this earthquake determined by
Plafker and Ward [1992]. While only the GPS measured
displacements for Limon are directly comparable to any of
the Plafker and Ward uplift data, any slip dislocation
model produces a large area of predicted deformation
which can be compared to other geodetic data not lying on
the coast.

Foremost of the differences between our GPS results
and the field observations of Plafker and Ward is the small
amount of uplift observed at Limon, the only GPS site
lying on the coast in the same area as field measurements
were made. The vertical displacement found for Limon of
16 £ 2 cm is significantly less than the 60-84 + 20 cm
measured in the immediate vicinity by Plafker and Ward.
However, our results are similar to the leveling measure-
ment of 23 + 12 cm uplift found for the Limon GPS site
by De Obaldia et al. [1991], which were made within three
weeks prior to the CORI GPS measurements. It should be
noted that the GPS and leveling errors are considered to be
1 o deviations, while the Plafker and Ward measurements
are assigned errors based on whether they represented
‘good’, ‘fair’, or ‘poor’ quality.

The GPS derived horizontal displacement of 244 cm is
nearly twice as large as co-seismic dislocation models
computed by Plafker and Ward [1992] predict [S. Ward
pers. comm.]. In a refinement of that model Goes et al.
[1992] used a focal geometry derived from seismic wave



analysis and found good agreement with the GPS measured
displacement azimuths of Limon and Bratsi, though the
magnitude of the GPS displacements remained significantly
larger at both Bratsi and Limon than predicted by the Goes
et al. [1992] model.

To understand the nature of these discrepancies, we
derive a co-seismic deformation model which better fits the
GPS measurements and is constrained by their greater spa-
tial distribution. We use an elastic half-space dislocation
model [e.g. Mansinha and Smylie, 1971] to calculate co-
seismic displacements for the Costa Rica earthquake, using
the focal geometry of the Harvard CMT solution (strike
102°, dip 24°, slip 57°;, Dziewonski et al., 1992), with the
slip magnitude and fault dimensions scaled to match our
GPS results for Limon and Bratsi (Figure 2). The fault
consists of a rectangular fault 58 km along strike by 49 km
wide. The fault dimensions were determined to match the
vertical and horizontal displacements at Bratsi and Vueltas.
The leading edge of the fault plane contains 3 x 3 km
‘holes’ spaced 3 km apart where no slip occurred, and is
located 2 km beneath the surface. We impose this irregu-
larity to demonstrate that a simple deviation from the
purely rectangular, uniform slip model, can produce pro-
nounced undulations in the vertical deformation in the
region of maximum uplift while not producing such large
effects in the horizontal displacements in this focal
geometry.

The slip magnitude needed to match the horizontal dis-
placements at Limon, and Bratsi was found to be about 5.8
m. This gives an earthquake source with a factor of 2
greater slip than most other studies derive [Dziewonski et
al., 1992; Goes et al., 1992; Plafker and Ward, 1992] and a
similar increase in the scalar moment, M. The magnitude
and direction of the GPS measured horizontal displace-
ments at Limon and Bratsi agree with the co-seismic defor-
mation model shown in Figure 2. To reconcile the
differences in the seismological magnitude and the magni-
tude implied by a uniform slip dislocation model which
best fits the GPS measured displacements we need to
invoke slip heterogeneity, post-seismic deformation, or
after-slip.

The inconsistency of the Limon vertical displacement
derived from GPS or leveling with field measurements by



Plafker and Ward [1992] may be reconcilable by incor-
porating complexity in the slip distribution near the leading
edge of the fault (Figure 2); no liquefaction or damage to
the the Limon airport runway surrounding the GPS monu-
ment was observed which would account for the smaller
than anticipated GPS vertical measurement at Limon.
Plafker and Ward [1992] did find some variations from site
to site near Limon, though these variations may be attribut-
able to differences in data quality and coastline shape.
Concentration of slip and seismic moment near the leading
edge of the fault under Limon was found by Goes et al.
[1992]. De Obaldia et al. [1991] interpreted the differences
they found between the large vertical motions around the
Limon peninsula and the smaller uplift to the south
(including the Limon GPS site) as evidence that the penin-
sula moved as a separate block. Models of post-seismic
visco-elastic relaxation following a thrust earthquake sug-
gest that for an earthquake of this size less than 5 cm of
subsidence might be anticipated after 3 months [Thatcher
and Rundle, 1979; Rundle, 1982]; to produce subsidence of
50 cm would require a much lower viscosity in the upper
mantle. The last possibility, after-slip, would not seem
likely since it would produce the same direction of dis-
placements as the main earthquake; it would have to pro-
duce on the order of 100 cm additional horizontal displace-
ment at Limon and would add to the amount of vertical
displacement observed by Plafker and Ward [1992].

This suggests that refinements to existing slip disloca-
tion models are required to fit the GPS derived 3-
dimensional displacements and meet the seismic magnitude
of the earthquake. For the Limon GPS site two different
geodetic methods yielded similar vertical displacements
(GPS 16 = 2 cm this study, ground leveling 23 + 12 cm
De Obaldia et al., 1991), suggesting that either the values
near the Limon GPS site obtained by Platker and Ward
[1992] (60-84 = 20 cm) for driftwood are inaccurate, or
there was 40-60 cm of post-seismic subsidence, a value not
supported by analytic solutions for viscoelastic relaxation
[Thatcher and Rundle, 1979; Rundle, 1982]. This study
illustrates the importance of conducting post-seismic sur-
veys to quantify the effects of local earthquake deformation
on more regional observations of plate motions and plate
deformation. While the timing of pre-seismic GPS meas-
urements was somewhat fortuitous, the large signal and



broad spatial distribution of significant measured displace-
ments shows that GPS is a valuable tool for constraining
co-seismic deformation and earthquake source processes.

Acknowledgments. Support for PR.L,, S. K. W,, and
K. J. H. was provided by the Jet Propulsion Laboratory,
California Institute of Technology, under contract to the
National Aeronautics and Space Administration. Support
for M. P. was provided by NSF grant EAR-9115667 to Dr.
K. McNally, U. of Calif., Santa Cruz. We would also like
to thank J. Richardson for leading, and T. Thatcher, T.
Marino, F. Olvaldia, and R. van der Laat for participating
in the July 1991 GPS campaign. E. Malavassi and L. Agui-
lar kindly supplied GPS data from the CORBAS campaign.
M. Heflin and G. Blewitt provided assistance in GPS data
analysis strategies. S. Ward and S. Goes donated preprints
of their work and deformation models. D. Tralli and T.
Dixon were instrumental in generating support for the July
campaign. The comments of two anonymous reviewers
greatly improved the manuscript.

References

Adamek, S., C. Frohlich, and W. D. Pennington, Seismicity
of the Caribbean-Nazca boundary: constraints on
microplate tectonics of the Panama region, J. Geo-
phys. Res., 93, 2053-2075, 1988.

Blewitt, G., Carrier phase ambiguity resolution for the Glo-
bal Positioning System applied to geodetic baselines
up to 2000 km, J. Geophys. Res., 94, 10187-10203,

"1989.

Blewitt, G., M. B. Heflin, F. H. Webb, U. J. Lindqwister,
and R. P. Malla, Global coordinates with centimeter
accuracy in the International Terrestrial Reference
Frame using GPS, Geophys. Res. Ler., 19, 853-856,
1992.

Case, J. E., and . L. Holcombe, Geologic-tectonic map of
the Caribbean region, U.S. Geological Survey Mis-
cellaneous Investigations Map [-1100, 1980.

De Obaldia, T Marino, R. Van der Laat, F. Hernandez, E.
Malavassi, and K. C. McNally, Coseismic uplift
associated with the Costa Rica earthquake (Mg 7.5)
of the April 22, 1991, EOS, Trans. Amer. Geophys.
Un., 72, 301, 1991.



Dixon, T. H., S. Kornreich Wolf, M. Heflin, and G.
Blewitt, Preliminary results from the CASA GPS
experiment, EOS, Trans. Amer. Geophys. Un., 73,
86, 1992.

Dziewonski, A. M., G. Ekstrom, and M. P. Salganik,
Centroid-moment tensor solutions for April-June,
1991, Phys. Earth Planet Inter., 71, 6-14, 1992.

Freymueller, J. T., and J. N. Kellogg, Plate motions in the
CASA region, 1988-1991, EOS, Trans Amer, Geo-
phys. Un., 72, 115, 1991.

Goes, S. D. B,, A. A. Velasco, S. Y. Schwartz, and T. Lay,
The April 22, 1991, Valle de la Estrella, Costa Rica
(M,, = 7.7) earthquake and its tectonic implications:
a broadband seismic study, J. Geophys. Res., in
press, 1993.

Jacob, K. H., and J. Pacheco, The M-7.4 Costa Rica earth-
quake of April 22, 1991: tectonic setting, telese-
ismic data, and consequences for seismic hazard
assessment, Earthquake Spectra, 7, Suppl. B, Oct.
1991.

Larsen, S., and R. Reilinger, Global Positioning System
measurements of strain accumulation across the
Imperial Valley, California: 1986-1989, J. Geophys.
Res., 97, 8865-8876, 1992.

Lichten, S. M., Towards GPS orbit accuracy of tens of
centimeters, Geophys. Res. Lett., 17, 215-218, 1990.

Mansinha, L., and D. E. Smylie, The displacement fields of
inclined faults, Bull. Seismol. Soc. Amer., 61,
1433-1440, 1971.

Plafker, G., and S. N. Ward, Backarc thrust faulting and

--tectonic uplift along the Caribbean Sea coast during
the April 22, 1991 Costa Rica earthquake, Tecton-
ics, in press, 1992.

Rundle, J. B., Viscoelastic-gravitational deformation by a
rectangular thrust fault in a layered earth, J. Geo-
phys. Res., 87, T787-7796, 1982.

Schwartz, S. Y., and M. Protti, Aftershock locations of the
April 22, 1991 Valle de la Estrella, Costa Rica
earthquake from portable digital stations, EOS,
Trans Amer. Geophys. Un., 72, 302, 1991.

Silver, E. A., D. L. Reed, J. E. Tagudin, and D. J. Heil,
Implications of the North and South Panama thrust
belts for the origin of the Panama orocline, Tecton-
ics, 9, 261-281, 1990.



Thatcher, W., and J. B. Rundle, A model for the earth-
quake cycle in underthrust zones, J. Geophys. Res.,
84, 5540-5556, 1979.

K. J. Hurst, S. Kornreich Wolf, and P. R. Lundgren Jet
Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Drive, Pasadena, CA 91109.

M. Protti, Observatorio Vulcanologico y Sismologico
de Costa Rica, Universidad Nacional, Apartado 86-3000
Heredia, Costa Rica, and Institute of Tectonics, C.F.
Richter Seismological Laboratory, University of California,
Santa Cruz, California 95064.

(Received November 16, 1992,
revised January 13, 1993;
accepted February 1, 1993.)

Copyright 1984 by the American Geophysical Union.
0094-9276/93/921.-7502$03.00

Paper number 92L7502.

Lundgren et al.: Costa Rica Earthquake Deformation
Lundgren et al.: Costa Rica Earthquake Deformation
Lundgren et al.: Costa Rica Earthquake Deformation

Fig. 1. Main map: Regional tectonic map of Central Amer-
ica including the Harvard centroid-moment tensor focal
mechanism and epicenter (star) of the April 22, 1991 earth-
quake. Black quadrants of the lower focal hemisphere indi-
cate compressional first motions. /nset: Map of Costa Rica
GPS sites used in this study.

Fig. 2. Comparison between a uniform-slip elastic half-
space co-seismic deformation model and the GPS measured
displacements. See text for model parameters. Top: con-
tours of vertical displacement; contour intervals are 30 cm
with solid lines for positive displacements (uplift) and the
dotted contour for subsidence. The zero displacement con-
tour is the dashed line. Bortom: vector horizontal displace-
ments for the model and the GPS measurements (bold).
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Table 1. Station displacements and their 1 G errors relative

to Liberia.
Baseline — Disp. (cm) O (cm)
LIMO N 147.96 0.33
LIMO E 194.90 0.95
LIMO A% 16.28 2.09
BRAT N 62.78 0.44
BRAT E 63.40 1.26
BRAT Vv 15.30 3.00
VUEL N 7.85 0.88
VUEL E 9.63 1.58
VUEL \Y -10.51 4.44
ETCG N 0.51 0.30
ETCG E 1.80 0.91
ETCG \" -0.61 2.08

Table 2. Horizontal displacement vectors with respect to

Liberia and their 1 G errors in magnitude and azimuth. .

Site Displacement (cm)  Direction (°E of N)
Mag. ) Azim. (¢)
LIMO 244.7 0.8 52.8 0.2
BRAT 89.2 0.9 45.3 0.6
VUEL 12.4 1.3 50.8 5.6
ETCG 1.9 0.9 . 74.2 11.6




-

T
<D

LATITUDE (N)

Cocos Plate

Nazca Plate
1

90

1
85 80
LONGITUDE (W)

7%




T

Vertical

-83

0f

1

-84

Horizontal

4

[ A A

Scale = 200 cm



